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In view of the looming energy crisis facing our planet, attention increasingly
focuses on materials potentially useful as a basis for energy saving technologies. The
discovery of giant magnetocaloric (GMC) compounds - materials that exhibit
especially large changes in temperature as the externally applied magnetic field is
varied - is one such compound '. These materials have potential for use in solid state
cooling technology as a viable alternative to existing gas based refrigeration
technologies that use choro-fluoro - and hydro-fluoro-carbon chemicals known to
have a severe detrimental effect on human health and environment >, Examples of
GMC compounds include Gds(SiGe); ¢, MnFePy_,As, > and Ni-Mn-Ga shape
memory alloy based compounds % Here we explain how the properties of one of
these compounds (Ni;MnGa) can be tuned as a function of temperature by adding
dopants. By altering the free energy such that the structural and magnetic
transitions coincide, a GMC compound that operates at just the right temperature
for human requirements can be obtained ’. We show how Cu, substituted for Mn,
pulls the magnetic transition downwards in temperature and also,
counterintuitively, increases the delocalization of the Mn magnetism. At the same
time, this reinforces the Ni-Ga chemical bond, raising the temperature of the
martensite-austenite transition. At 25% doping, the two transitions coincide at 317
K.

Ni-Mn-Ga based alloy is a multifunctional material that exhibits several

T the magnetocaloric effect being one of them. One key

interesting properties
property of these alloys is the existence of an austenite (high temperature) to martensite

(low temperature) first order structural phase transition and a second order magnetic



phase transition. In Ni,MnGa, these two transition temperatures are 225 and 384 K
respectively 12 Each of these phase transitions has an associated, weak magnetocaloric
effect.

It has been found that if the structural and magnetic transitions can be tuned to
occur at the same temperature, the entropy change (a measure of the magnetocaloric
effect) of the joint transition is significantly enhanced compared to that of the separated
transitions, leading to the GMC effect. For example, by increasing the Ni content,
entropy changes in the range -3.5 to -20.4 J/Kg K have been obtained in polycrystals,
while in single crystals the change observed has been as high as -86 J/kg K ®*. The

transitions can also be tuned by atomic substitution at the Mn or at the Ga sites ', T

n
particular, 25% Cu at the Mn site results in a AS of ~ -60 J/kg K in the temperature range
308 - 334 K ', Ni;Mny 75Cug25Ga is thus promising as a magnetic refrigerant. But the
physics underlying the enhancement of GMC properties of this system has not been
convincingly understood.

Ferromagnetism in the Ni;MnGa family of compounds is localized, and is
primarily due to indirect RKKY interactions between neighboring Mn atoms, mediated

- 15,16
by conduction electrons ™

. The minority spin electrons in the d band of the Mn are
almost excluded from the conduction band, and hence give rise to a localized magnetic
moment. Since the magnetic and structural properties are intricately linked by the lattice

1720 a5 well as the density of 3d electrons at the Fermi level %',

parameter ratio c/a
replacement of Mn by Cu should cause site - and element - specific changes in the

electronic and magnetic properties. A detailed understanding of such changes is essential



for further development and improvement of these materials, and the motivation for this
study.

We have performed systematic X-ray absorption spectroscopy (XAS), magnetic
circular dichroism (XMCD) studies at the L, 3 edges of the constituent elements of
Ni;MnGa and the substituted compound Ni,Mng 75Cug,sGa as a function of temperature
to directly probe the d electrons and their respective contribution to the electronic and
magnetic properties. Magnetization and the nature of the phase transition have been
determined by magnetometry and neutron diffraction studies. We find that Cu
substitution has two fold effects. One, it increases the covalent character of Ni that results
in an enhanced Ni-Ga hybridization thereby affecting the martensitic transition
temperature. Second, due to Cu substitution, the Mn content is reduced that weakens the
magnetic ordering temperature. Another interesting effect is that it enhances the
delocalization of the magnetism from Mn. The combined XAS, XMCD, neutron and
magnetometry results lead to a coherent, atomic-scale understanding of how changes in
the electronic properties lead to the enhanced thermodynamic properties of the giant
magnetocaloric effect in Ni,Mny 75Cuy 25Ga.

Fig. 1(a) shows the magnetization versus temperature curves from 75 — 400 K for
Ni,MnGa and Ni,Mng 75Cug»5Ga taken at 1 kOe. Ni,MnGa shows a second order
paramagnetic to ferromagnetic phase transition at 386 K (T¢) and a first order change in
magnetization at 208 K (Ty) associated with martensitic structural transition. On
substituting Mn by Cu the second order magnetic and first order structural transition
temperature move in opposite directions, and for 25% Cu merge into a single first order

phase transition at 317 K (Fig 1(a)) °. This merging of Tc and Ty however comes at the



cost of overall reduction of magnetization in Ni;Mng 75Cug,sGa as compared to
Ni;MnGa. This reduction is ~25% (see Fig 1(a)) and correlates with the decreased Mn
concentration. The nature of the phase transition has been further confirmed by
temperature dependent neutron diffraction (Fig 1(b)). The single (002) peak above the
transition temperature splits due to the cubic-to-tetragonal structural transition. The
presence of three clear peaks around the phase transition temperature (307 K < T 305 K)
shows that the cubic austenitic and tetragonal martensitic phases coexist close to the
transition. This confirms the first order nature of the magneto-structural transition in
NixMng 75Cug 25Ga.

To understand the underlying physics, we first determine the changes in electronic
and magnetic structure in Ni;Mny 75Cu25Ga due to the phase transition, and then
compare the properties of Ni;Mny 75Cug25Ga with the parent compound Ni,MnGa.
Changes to the electronic structure of the constituent elements of Ni;Mng 75Cug2sGa were
determined from XAS measured at 80 and 300 K (Fig 2(a-d). The multiplet structure
evident at the Ni and Mn L,3 edges, in these metallic samples, is taken to result from
partial localization of the electronic structure around the core-excited species and from
hybridization effects reflecting the ground-state band structure. For Ni, these structures at
the L3 are the features marked A and B, and, although weak, are clearly present at the L,
edge (feature C). There is no significant change in A over the entire temperature range
measured while feature B weakens and shifts upwards in energy on lowering the
temperature (by 1.5 eV at 80 K relative to 300 K — see Fig. 2a inset). This feature B,
which is 5 eV above the main L3 peak, represents the Ni 2p3d’’ state that hybridizes with

Ga p states *%. Extending this inte retation, we thus interpret the broadening of the
P g p p g



feature B due to the martensitic transition as evidence of increase in the covalent
character of Ni resulting from increased hybridization with Ga. A similar shift is also
observed for feature C (Fig. 2(a)).

The Mn XAS (Fig. 2(b)) also shows multiplet structure (features D, E and F)
characteristic of primarily &’ with some d° ground states. Although there are discussions
about selective oxidation in the literature as the reason for the multiplet features in the
Mn, a multitude of experimental results reported on similar compounds increasingly

suggest rather a modification of the band structure being responsible for the observed line

22-25 16,20,26

shapes . This is consistent with band structure calculations , and the observation
of Jahn-Teller effect in these compounds which lifts the d orbital degeneracy and
effectively narrows the band 27 A weak bump (feature F) is observed 5 eV above the
main peak (637.4 eV) at 642.8 eV (inset Fig. 2(b)). The feature is absent for Ni,MnGa at
80 K. Since density of state (DOS) calculations show that there are no Mn-Ga hybridized
states in Ni;MnGa and Ni rich Ni;MnGa while Ni-Mn hybridized states are available
2026 we ascribe the bump in the Mn spectrum to a weak Mn d -Ni d interaction.
Integrated intensity under the curve by Gaussian fit reveals that the peak is stronger at
330 K by ~ 8.5% than at 80 K with no change in the peak position as a function of
energy. Thus the magneto-structural transition results in a redistribution of the d electrons
with negligible change in the d-d interaction energy. The redistribution of electron is
consistent with our observation of increased intensity at low temperature. In particular, it
is likely that some of the Ni d electrons delocalize in the process, and some or all of these

electrons may bond covalently with Ga p states. Indeed the XMCD data suggests this. Cu

and Ga XAS show no discernible change as a function of temperature.



XMCD spectra taken at 80, 300 and 330 K are shown in Fig 2(e-h). Both Ni and
Mn XMCD show multiplet structure at the L, 3 edges consistent with published results
222328 1p the ferromagnetically ordered state Mn atomic moment increases by 61% at 80
K relative to 300 K. In comparison, the Ni moment only changes by 33%. The smaller
change in the Ni moment relative to Mn is attributed to minority spin antibonding states
above Er which are primarily due to Mn while both the e, states of Ni are below Er 20,

Significant XMCD was detected at the Ga L3 and it follows the same temperature
dependence as the Ni (Mn) magnetization by disappearing above Tc. The Ga XMCD
signal is opposite to that of Ni and Mn which means that Ga induced spins are antiparallel

to Ni and Mn spins, and in accord with published results '**’

. Recalling our earlier result
from Fig 2(a) that for T < Ty (T¢) the covalent character of Ni increases, the magnetic
moment in Ga is then due to hybridization effects between the d states of Ni with Ga p
states and does not come from direct exchange interaction. It is interesting to note that
similar hybridization effects between Gd and Ge are also found in Gds(SiGe)4
compounds *°. We did not observe any magnetic moment for Cu.

The effect of Cu substitution on the electronic structure in Ni and Mn is obtained
from XAS measured at 80 K (Fig 3(a, b). As shown in Fig 3(a), the Ni,Mny 75Cug5Ga
curve is slightly broader at both edges, implying a more dispersive, delocalized band
structure. The most significant change on Cu substitution is seen at the feature B, which
is the same feature of Fig 2(a). This feature is a distinct bump for Ni,MnGa, whereas it is
smeared out for Ni;Mng 75Cug25Ga. Mn XAS does not show a qualitative change in the

spectral shape (Fig. 3(b)). It is noteworthy that both Ni and Mn XAS has higher intensity

for Ni;Mny 75Cug 25Ga than Ni;MnGa which could imply that there are fewer filled d



states immediately around Ni and Mn in Ni;Mn, 75Cug »5Ga than in Ni,MnGa, which is
indicative of "ground-state" transfer of charge away from Ni and Mn. In the context of a
slightly higher electronegativity of Cu than Mn or Ni, it is likely that Cu wants to
completely fill its s and d shells by taking away charge from Ni and Mn when it is
substituted. This “inertness” also explains absence of XMCD and negligible changes in
Cu XAS.

Comparisons of element specific magnetic properties between Ni,MnGa and
Ni;Mny 75Cug25Ga at 80 K are shown in Fig. 4. The XMCD signal of Ni;Mny 75Cug25Ga
is less than that of Ni,MnGa, consistent with SQUID magnetometry (Fig. 1(a)). The Mn
XMCD spectrum for Ni;Mny 75Cug25Ga has a less pronounced multiplet structure
indicating the increasingly delocalized character of the Mn d electrons. A clearer
difference is observed for the Ni XMCD spectrum. The distinct shoulder A observed for
Ni;MnGa is broadened and feature B is weakened (Fig. 4(a)). The smearing out aspect of
the multiplets observed in the XAS and XMCD results clearly shows that in
NiMny 75Cu 25Ga, the Ni has a more covalent character, larger band spreading and hence
more delocalized d electrons than Ni;MnGa. A direct consequence of this is a higher
level of hybridization between Ni d and Ga p bands which is also evidenced by the Ga
XMCD results (Fig. 4(c)).

The above results show that a complex interplay between electronic, lattice and
magnetic degrees of freedom determines the decrease (increase) of T¢ (Ty,) in Cu
substituted Ni;MnGa compounds. The hybridization and delocalization was found to be
affected both by martensitic transition as well as Cu substitution. In particular, we find

that by substituting 25% of Mn by Cu in Ni,MnGa, the ferromagnetic austenitic phase is



suppressed and a single paramagnetic-austenitic to ferromagnetic-martensitic phase
transition takes place at 317 K. This transition is first order in nature and this point to the
fact that the magnetic transition in Ni;Mny 75Cug5Ga is induced by the structural
transition. In general, the magnetic interactions are weakened by Cu thereby reducing Tc,
and make magnetism less localized from Mn. We also observe that in spite of the
substitution being at the Mn site, significant changes happen at the Ni site. Cu
substitution results in an enhancement of Ni covalency, and therefore a stronger Ni-Ga
chemical bond. Since the martensitic transition is related to the formation of Ni d and Ga

17’21, a higher degree of Ni-Ga hybridization in Ni;Mny 75Cu»sGa makes

p hybrid states
the chemical bond stronger so that more energy is required to trigger the martensitic
transition. Addition of Cu therefore increases Ty, at the same time as reducing T, and at

25% Cu substitution T¢ and Ty, coincide near room temperature, giving rise to the giant

magnetocaloric effect.

Methods:
Polycrystalline stoichiometric Ni,MnGa and Ni,Mn, 75Cug 25Ga ingots were made from
high purity elemental Ni, Mn, Cu and Ga using the conventional arc melting technique.

1214 The phase purity of the

Details of sample preparation can be found elsewhere
samples was checked by X-ray diffraction using Cu K, radiation at room temperature.
Magnetization measurements were carried out by a SQUID magnetometer (Quantum

Design, Inc.). Neutron diffraction was carried out on powdered samples at the Asterix

(polarized neutron) and HIPPO (unpolarized neutron) beamlines of the Manuel Lujan

Neutron Scattering Center, Los Alamos National Laboratory. X-ray absorption



spectroscopy (XAS) and X-ray Magnetic Circular Dichroism (XMCD) spectra were
measured at the beamline 4.0.2 of the Advanced Light Source, Lawrence Berkeley
National Laboratory. A small slice of the sample was cut from the bulk immediately prior
to measurement to avoid surface contamination. Circularly polarized x-rays tuned to the
L, 3 edge of Ni, Mn, Cu and Ga were incident normal to the sample surface. The

absorption was measured by total electron yield method.
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Figure Legends:

Fig. 1. (a) Magnetization versus temperature curves for Ni,MnGa (red circle) and
NizMny 75Cug 25 (blue triangle) for both increasing and decreasing temperature. (b)
Neutron diffraction tracking the cubic (002) Bragg peak as a function of temperature for
NizMny 75Cug 25 showing the coexistence of cubic and tetragonal phase during the
magneto-structural phase transition. Vertical dashed lines are guide to the eyes to show

the peak positions. In the cubic phase a = 5.814 A

Fig. 2. XAS curves at the Ni (a), Mn (b), Cu (c) and Ga (d) for Ni;Mng 75Cug s at 80 K
(red line) and 330 K (black line). The XMCD curves temperatures 80, 300 and 330 K are
shown in Fig. 2 (e-h). The inset in Fig. 2(a) shows the Ni XAS around the peak marked
B, while the arrow in the inset of Fig 2(b) shows the Mn XAS around the feature marked
F. Green lines in Fig. 2(c,d) and 2(g,h) are guides to the eye show the absence (presence)

of XMCD at the L; peak of Cu(Ga) respectively.

Fig. 3. XAS curves at the Ni (a) and Mn (b) for Ni,MnGa (blue line) and Ni,Mng 75Cuq s
(red line) at 80 K. Inset in Fig 3(a) shows the Ni XAS peak around the peak marked B.

The arrow indicates the bump discussed in the text.

Fig. 4. (a-c) XMCD curves curves for Ni, Mn and Ga for Ni,MnGa (blue line) and

Ni;Mny 75Cug25Ga (red line) at T = 80 K. The peaks marked A and B are explained in the

15



text. The arrow in Fig. 3(c) indicates increased XMCD for Ga at the L3 edge for

Ni,MnGa and Ni,Mng 75Cug »5Ga.
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